The lactic dehydrogenases of 11 strains of the genus Leuconostoc were examined. All possessed a D( -) but no L( +) NAD-dependent lactic dehydrogenase, and three strains (I L. mesenteroides and 2 L. paramesenteroides) also had D( -) and L( +) NAD-independent lactic dehydrogenases. The NADdependent enzyme of the seven strains belonging to the species L. mesenteroides, L. dextranicum, L. paramesenteroides, L. Iactis and L. cremoris moved together during electrophoresis in acrylamide gel. The enzymes of the other four strains, all L. oenos, were close together but widely separated from the enzyme of the other species. One strain of L. mesenteroides oxidized NADH without added pyruvate. The enzyme responsible was located after electrophoresis.
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I 1. of medium were dissolved in goo ml. water adjusted to pH 6.5 and autoclaved 121' for 15 min. Part B consisted of IOO ml. of 10.0 yo glucose in water, autoclaved at 121' for 15 min. The glucose solution was added to the rest of the medium before inoculation. Cysteine hydrochloride was added to 0.05 yo for Leuconostoc cremoris.
The aqueous cysteine solution was sterilized by Seitz filtration.
Medium I1 was modified from medium I to grow strains of Leuconostoc oenos (Garvie, 19673) . In part A, 0.5% citric acid replaced ammonium citrate and the pH value was 4.8. Part B consisted of 10 g. glucose; 0.5 g. cysteine hydrochloride in IOO ml. tomato juice. This solution was sterilized by Seitz filtration.
A few non-acidophilic strains were also examined after growth in medium 11.
However, since these strains will not grow in media at pH 4.8, it was adjusted to pH 6.5.
Harvesting bacteria Bacteria were harvested by centrifugation from cultures in the early stationary phase and washed in 0.85% (wlv) NaCl, suspended in about 10 ml.
0.85 % NaCl in 0.002 M-phosphate buffer (pH 7.0) and disrupted with a Soniprobe (Dawe, London) for 15 min. at 20 kcyc. The tube containing the bacteria was kept in an ethanol bath at -20' during ultrasonic treatment. The suspensions were then centrifuged at 84,ooog for 20 min. The supernatant fluid was tested at this stage for ability to oxidize NADH in the presence of pyruvate. It was then dialysed against 15.0 % (w/v) carbowax (20 M, Union-Carbide Co.) dissolved in a solution of 0.425 yo (wlv) NaCl in 0-002 M-phosphate buffer (pH 7.0). The volume was decreased to about 1.0 ml. (for convenience in freeze-drying), divided into 0.1 ml. amounts, freeze-dried and the ampoules sealed under vacuum. They were stored at 4". The lactic dehydrogenase in these preparations could still be detected easily after storage for 18 months to 2 years. When required the ampoule contents were taken up in distilled water to the required concentration.
Testing for lactic dehydrogenase activity NAD-dependent enzymes. Three methods were used. (I) A screening test, which was used when determining the effect of various factors on the rate of enzyme action, consisted of adding 0.02 ml. enzyme preparation to 0.5 ml. of the solution used to locate the enzymes after electrophoresis by direct staining (see below). The time of development of the reduced nitro-blue tetrazolium was observed. ( 2 ) Oxidation of NADH. The rate of oxidation of NADH was followed at 340 nm. : 0.02 ml. of enzyme preparation was added to 0.5 ml. of buffered substrate solution (0.4 mg. NADH+ I pmole sodium pyruvate in 3 ml. of 0.03 M-phosphate buffer (pH 7.0)). (3) Reduction of NAD. The reduction of NAD was followed at 340 nm. when 0.02 ml. of enzyme preparation was added to 0.5 ml. of buffered substrate solution (0.5 mg. NAD, IOO pmole sodium m-lactate or 50 pmole D or L lactic acid (Ca or Na salt) in 1.0 ml. of 0.1 M-triS+Cl bufyer (pH 8.3)).
All these tests were done at room temperature (about 2 0 ' ) . NAD-independent enzymes. The reduction of dichlorophenol indophenol was used to show the presence of the NAD-independent lactic dehydrogenase. The test solution consisted of 26 pg. dichlorophenol indophenol in 5.0 ml. of 0-I M-tTi.3 + maleate buffer (pH 6.3) and lactate at the several concentrations given above; 0.02 ml. of enzyme preparation was added to 0.5 ml. of this solution and the reduction of the dichlorophenol indophenol followed at 600 nm.
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The electrophoretic mobilities of enzymes were determined in acrylamide gel 1-5 mm. thick. The gel mixture consisted of I part tris+maleate buffer (0.05 M) at pH 7.0 or 8.3, 2 parts acrylamide, NN'-methylene bis-acrylamide (28.0 g. acrylamide, 735 mg. bis-acrylamide in IOO ml. water) I part 0.84% (v/v) The NAD-independent enzymes were located after electrophoresis at pH 7.0 by using a solution containing 5-2 mg. dichlorophenol indophenol in 100 ml. 0-1 M-tris+ maleate buffer (pH 6.3) and lactate as above. The enzymes showed as white bands on a blue background. The distance of all the enzyme bands from the origin were calculated relative to a bromphenol blue migration of 10.0 cm.
Molecular weight of enzymes
The approximate molecular weight (mol. wt) of the enzymes was determined by filtration through G200, G 150 and G 100 Sephadex Superfine following the method of Andrews (1964). After swelling in 0.1 M-KCl dissolved in 0.01 M-triS+maleate buffer (pH 7-5) thin layer (0.5 mm.) 20 x 20 cm. glass plates were prepared. These were allowed to equilibrate for several hours in a flow of 0.1 M-KCl in 0.01 M-triS + maleate buffer (pH 7-5).
Samples (0-02 pl.) of enzyme preparation were applied to the plates and developed with the buffer for about 8 hr at room temperature. Blue dextran (mol. wt 2,000,000) was used to indicate the buffer front. A paper copy of the Sephadex was taken and dried in a current of cool air. The papers were sprayed with a solution consisting of 10-0 mg. NAD, 2.0 mg. nitro-blue tetrazolium, 0.8 ml. phenazine methosulphate (0.5 mg./ml.), 4.0 ml. sodium DL-lactate (0.25 M), 5-0 ml. trk + C1 buffer (pH 8-3 ; 0.2 M), water to 10.0 ml. Rabbit muscle lactic dehydrogenase (Boehringer, Mannheim) was used as reference and also enzyme preparations from Lactobacillus plantarum and Leuconostoc mesenteroides. The colour developed very quickly and the dye tended to diffuse. It was necessary to dry the papers in a current of warm air to stop the spots spreading.
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RESULTS
N A D-dependent enzymes
While the NAD-dependent enzymes utilize either pyruvate or lactate as substrate, the reaction rate is faster with pyruvate and the concentrations of substrate coenzyme and enzyme required for adequate detection of enzyme activity in solution are less than those needed for the reverse reaction. The use of lactate, however, has the advantage of indicating the concentration of enzyme preparation to be used for electrophoresis when the enzymes are to be detected by the direct-staining method and also the relative activity of the preparation with L(+) and D(-) lactic acid. The use of pyruvate only indicates the overall activity of L( +) and D( -) lactic dehydrogenases and has the disadvantage that some preparations oxidize NADH without addition of substrate ( D o h , 1955; Kline & Mahler, 1965) . This was particularly the case with Leuconostoc mesenteroides NCDO 523 which actively oxidized NADH irrespective of whether the strain was grown in medium I or medium 11. The oxidation of NADH was observed in phosphate and tris + maleate buffer and both before and after dialysis of the cell extracts (Table I ). Because of this activity it was not possible to demonstrate a NADH-linked pyruvate reductase in NCDO 523. Preparations from other leuconostoc strains oxidized NADH very slowly or not at all in the absence of pyruvate, and NAD was not reduced by any strain unless lactate was present. (NCDO 768, 523) Extinction at 340 nm. As expected NAD-dependent D( -) lactic dehydrogenase was active in all strains but some reduction of NAD was also generally found when L(+)-lactate was used as substrate (Fig. I) . This activity was not due to impurity in the isomeric lactate used, as both the D( --)-and L( +)-lactates used were examined for traces of the other isomer by the methods described by Garvie (1967 c) .
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Eflect of substrate on enzyme activity Enzyme preparation from NCDO 523 reduced NAD more rapidly with Ca D(-)-lactate than with Na m-lactate as substrate ( Table 2) ; with other strains the difference between the two substrates was slight. The enzyme of NCDO 523 might be stimulated by Ca2+ or, on the other hand, L(+)-lactate might be acting as an inhibitor of the D( -) lactic dehydrogenase. The time of reduction of nitro-blue tetrazolium was 3 and 15 min. at pH 8.3 and 7-5 respectively when Ca D(-)-lactate was substrate but was increased to 7 and 23 min. when the same molar concentration of Na D(-)-lactate was used.
To test for inhibition of the D( -) lactic dehydrogenase by L( +)-lactate, an enzyme preparation from NCDO 523 was exposed to L( +)-lactate and NAD for 5 min. before D(-)-lactate was added. The results are shown in Fig. 2 . No inhibition of enzyme activity by L( +)-lactate occurred. The difference between the results with Na DL-lactate and Ca D(-)-lactate were therefore apparently due to the effect of Ca ion. Table 3 shows the time of reduction of nitro-blue tetrazolium in the presence of various substrates and at various pH values by the enzyme preparation from Leuconostoc nzesenteroides NCDO 768. No reduction took place in the absence of NAD. The reaction with NAD was fastest at pH 8.3. It was found that dichlorophenol indophenol could be used in place of the nitro-blue tetrazolium + phenazine methosulphate system. Electrophoresis. Only one area of lactic dehydrogenase activity was detected for any strain. However, on several occasions the area was seen as two merging adjacent bands. Strong reduction of nitro-blue tetrazolium was obtained with Ca D( -)-lactate or with Na DL-lactate; slight reduction was observed with Ca L( +)-lactate. Figure 3 shows the relative positions of all the enzymes found. The enzyme of all the non-acidophilic leuconostocs moved together. Two areas of activity were found for the acidophilic Leuconostoc oenos; these were close together and migrated much more slowly than the enzyme of the non-acidophilic strains. The slowest moving enzyme belonged to the two strains NCDO 1674 and 1823 dependent for growth on a factor in tomato juice (Garvie & Mabbitt, 1967) , while the faster moving lactic dehydrogenase of L. oenos was found in the strains which did not require tomato juice. To test whether the difference in enzyme pattern between the acidophilic and non-acidophilic strains was due to growth in different media L. mesenteroides NCDO 523 was grown in medium I1 and cell extracts examined. The lactic dehydrogenase was Ca lactate Lactic dehydrogeiiases of leuconostocs 91 identical with that present after growth in medium I. It was concluded that the differences between the acidophilic and non-acidophilic leuconostocs was not due to different growth conditions. The rate of migration of the enzymes was unaffected when the pH value of the electrophoresis buffer was decreased from pH 8.3 to 7.0.
Eflect of p H value on enzyme activity
EZectrophoresis of NADH oxidase. After electrophoresis of enzyme preparations of Leuconostoc mesenteroides NCDO 523 two bands were found by using the 'reverse' staining technique when pyruvate + NADH were in the reaction mixture. The faster moving enzyme coincided with the D( -) lactic dehydrogenase. When pyruvate was absent this activity disappeared ; however, the slower moving enzyme (NADH oxidase) was present and with undiminished intensity (Fig. 3) . Other strains showed only one band i.e. the D( -) lactic dehydrogenase.
Molecular size of lactic dehydrogenase. Bacterial lactic dehydrogenases have been reported to be of different molecular weights. To see whether the different electrophoresis patterns were related to molecular size, crude extracts were examined by using thin-layer Sephadex plates. Several enzymes of known molecular weight were 92 E. I. G A R V I E used as markers. Tarmy & Kaplan (1968) gave a molecular weight of 80,000 for Leuconostoc mesenteroides lactic dehydrogenase, while Dennis, Reichlin & Kaplan (1965) gave a molecular weight of 68,000 for the D( -) lactic dehydrogenase of Lactobacillus plantarum and 155,000 for the L( +) enzyme of the same species. Mammalian lactic dehydrogenase was estimated at 140,000 by Jaenicke & Knof (1968).
Mammalian lactic dehydrogenase ran in advance of the L(+) enzyme of LactobaciZZus pZantarum (although the latter has the lower molecular weight) with the D(-) enzyme of the same strain hardly separated but behind the L(+) band. The D(-) lactic dehydrogenase of Leuconostoc rnesenteroides and L. oenos was on a line with the D( -) enzyme of Lb. plantarum. This would suggest that the D( -) enzyme all had a molecular weight of 70,000 to 80,000.
N A D-independent enzymes
NAD-independent enzymes were not found in eight of the strains including Leuconostoc mesenteroides NCDO 523; L. mesenteroides NCDO 768 and both strains of L. paramesenteroides (NCDO 803, NCDO 871) had NAD-independent enzymes. Of these strains, NCDO 803 and NCDO 768 were more active than NCDO 871. Table 3 shows the time of reduction of dichlorophenol indophenol by enzyme preparation of L. mesenteroides NCDO 768 under different conditions. These enzymes were most active at pH 6.3 and inactive at alkaline pH values. The phenazine methosulphate + nitro-blue tetrazolium system cannot act as hydrogen acceptor for the NAD-independent enzymes of this strain. All three strains reduced dichlorophenol indophenol with either D( -)-or L( +)-lactate; the reaction was faster with the D( -) isomer in every strain.
EZectrophoresis. The enzyme concentration in preparation from Leuconostoc paramesenteroides NCDO 871 was too low for any activity to be detected after electrophoresis. Both L. mesenteroides NCDO 768 and L. pararnesenteroides NCDO 803 showed only one band, which did not move significantly from the point of origin, and which reacted strongly with D( -)-lactate but only weakly with L( +)-lactate. It is uncertain whether both NAD-independent enzymes were involved or whether the D(-) enzyme was reacting with both substrates, and the weaker L( +) enzyme was not located.
DISCUSSION
There is considerable variation in the electrophoretic mobilities of both D(-) and L( +) lactic dehydrogenases between different species of the lactic acid bacteria (E. I. Garvie, unpublished) . The fact that strains of five species in the genus Leuconostoc possessed enzymes which moved together is therefore exceptional. In view of the variations in other species the identical mobility in the case of the Leuconostoc species suggests that they possess a common lactic dehydrogenase, and further that the relationship between species is close, probably closer than between species of other lactic acid bacteria. This may explain why the differentiation of the non-acidophilic leuconostocs into species is not as clear cut as with other lactic acid bacteria.
While this study of the lactic dehydrogenases has not detected differences between the non-acidophilic species it has given further evidence that Leuconostoc oenos is a separate species. Peynaud (I 968) suggested that the acidophilic leuconostocs should be divided into two species on the basis of pentose fermentation. Of the four strains examined here NCDO 1674 (the type strain; Garvie, 19673) , 1968) on the other hand occur as adjacent bands and it is possible that the double band observed on some occasions with the leuconostoc enzyme preparations was of this nature.
When both L(+)-and D(-)-lactates were used separately as substrates in the gel stain all NAD-dependent lactic dehydrogenase showed with both isomers. The reaction would be strong with one lactate but weak with the other. This was observed with rabbit muscle lactic dehydrogenase, as well as with the bacterial enzymes of a variety of strains of lactic acid bacteria. With those strains of bacteria having both D( -) and L( +) lactic dehydrogenase these observations could be explained by assuming that in every instance a trace of one enzyme was mixed in the bulk of the other; this would not be applicable to the enzymes of those bacteria having only one lactic dehydrogenase or with the mammalian lactic dehydrogenase. It appears therefore that lactic dehydrogenases are able to reduce some NAD in the presence of the unnatural isomer. In the case of the leuconostocs this was also apparent when testing for enzyme activity at 340 nm. with L( +)-lactate.
The function of the NAD-independent enzymes is unknown. The isomeric lactic acid formed by lactic acid bacteria from the fermentation of glucose during normal growth is no indication of the NAD-independent lactic dehydrogenase possessed by the bacteria. Pediococcus cerevisiae forming DL-lactic acid possess only an L( +) enzyme, while Lactobacillus casei forming only L(+) lactic acid has both a D(-) and L(+) NAD-independent enzyme (E. I. Garvie, unpublished) . Similarly leuconostocs forming lactic D(--) acid also have both L(+) and D(-) NAD-independent lactic dehydrogenase.
